Abstract A series of numerical analyses have been performed to investigate the flow structures in a narrow confined channel with 12 staggered circular impingement holes and one bigger exit hole. The flow enters the channel through the impingement holes and exits through the far end outlet. The flow fields corresponding to two jet Reynolds numbers (25000 and 65000) and three channel configurations with different ratios of the channel height to the impingement hole diameter (Z r = 1, 3, 5) are analyzed by solving the Reynolds averaged Navier-Stokes equations with the realizable k-e turbulence model. Detailed flow field information including the secondary flow, the interaction between the jets and the cross flow, and flow distribution along the channel has been obtained. Comparisons between the numerical and experimental results of the flow fields at the four planes along the channel are performed to validate the numerical method. The calculated impingement pattern, high velocity flow distribution, low velocity separation region and vortices are in good agreement with the experimental data, implying the validity and effectiveness of the employed numerical approach for analyzing relevant flow field.
Introduction
Jet impingement cooling has achievable potential to increase the heat transfer coefficient at the desired location, and is used in many applications such as cooling of electrical and electronic components, cooling of turbine blades and material processing. One of the main applications in gas turbines is represented by the leading edge cooling of turbine blades. A large amount of literature shows that impingement cooling has been employed extensively. Han and Goldstein 1 reviewed the works in the past decades. They discussed the influences of the Reynolds number of the jet as well as the geometry of the impingement cooling system. In particular, they studied the effect of nozzle pitch, the shape of target wall and jet angle on the cooling performance. Zuckerman and Lior 2 reviewed both numerical and experimental research on impingement cooling in the past. They pointed out that the Reynolds averaged Navier-Stokes equations with k-e model, k-x model, Reynolds stress model (RSM), and algebraic stress model (ASM) could produce considerable errors in the simulation of the heat transfer of impingement cooling. Wong and Saeid 3 conducted a numerical study of mixed convection on jet impingement cooling in an open cavity filled with porous medium. The results show that the average Nusselt numbers decreased with the increase of dimensionless cavity depth, and the opposing mixed convection was demonstrated to cause deterioration in the average Nusselt number. A numerical investigation of the flow field and heat transfer characteristics of a slot turbulent jet impinging on a semi-circular concave surface with uniform heat flux was carried out by Yang et al. 4 Numerical results were shown to overestimate experimental results by 15% of the maximum Nusselt number. Kim et al. 5 carried out a numerical study on the optimal design of impinging jets in an impingement/effusion cooling system. By varying the interval space of impingement jets and effusion holes, the ratio of the height of impingement jets to the effusion surface and mass flux, the calculated results show that the patterns of thermal stress distributions were similar for all tested cases, and high stresses were observed near the film cooling holes even at low average temperature. Caggese et al. 6 presented experimental and numerical studies on a fully confined impingement round jet. The CFD results have an acceptable prediction of the local and spanwise averaged Nusselt number on both target and jet plates. However, numerical results were shown to overestimate the heat transfer level in terms of Nusselt number by 7-8% in the stagnation region. Singh et al. 7 conducted experimental and numerical studies of turbulent circular air jet impingement cooling on a circular heated cylinder. The results indicate that the effect of geometric parameters was significant only in the jet impinging region. Varol et al. 8 presented a numerical analysis of heat transfer due to slot jet impingement on cylinders with different diameters. The purpose of their study was to examine the effect of effective parameters on the heat transfer and flow fields. The diameter of the cylinders was found to have a major influence on heat transfer and local flow field features. Furthermore, the presence of a secondary cylinder in the recirculation zone was observed to have a negligible effect on the global heat transfer performance. Numerical investigation of the impingement cooling of the rotating and stationary pin-fin heat sinks was carried out by Yang et al. 9 A square heat sink with uniform 5 Â 5 pin-fins was considered, and the influence of different turbulence models was analyzed.
The internal cooling channels of the integrally cast turbine blades are narrow confined channels formed by the orifice plate and the inner surface of the blade envelope, as shown in Fig. 1 . The coolant system feeds the air into the narrow channels through the holes. The air impinges the walls of the channels by means of impingement jets. The air spent through the jets is either sent to the new channels or discharged through the film cooling holes. This configuration has a significant effect on the cooling performance of the impingement jet array. Generally, the cross flow disrupts and deflects the downstream jets and leads to a decrease in the heat transfer intensity, when it enhances the convective cooling in the channel as well. Chyu and Alvin 10 pointed out that this kind of cooling structure significantly reduced the blade metal temperature, with the reduction being highly dependent on the internal convection coefficients. Florschuetz and Su 11 studied the effect of cross flow on the Nusselt number of jet array. They pointed out that when the velocity of the cross flow is less than 10% of that of the jet, it will have little effect on the cross flow structure. In addition, the heat transfer through the channel walls was observed to increase, due to cross flow-jet interaction. However, for cross flow velocities higher than the threshold value, the heat transfer through the channel was reduced. Studies on impingement cooling with narrow channels applied to turbine airfoils were carried out by Chambers et al. 12, 13 They found that the cross flow has a major effect on the impingement cooling performance in the narrow confined channel. When the cross flow grew stronger, the jet potential core was no longer able to traverse the channel, and the heat transfer enhancement occurred at the location where the mixed out jet wakes stroke the target surface. Their experiment results also show that the average Nusselt number enhancement in the early part of the channel lied between 28% and 77%. The average Nusselt number enhancement in the cross flow dominated region was 16%. Recent investigation on the impingement cooling in a narrow channel was conducted by Fechter et al. 14 They used a transient liquid crystal technique for the experiment and a commercial CFD package for the numerical simulation. The results show that the overall heat transfer coefficient patterns of CFD predictions agreed well with the measurements. However, the numerical results significantly over-predicted the heat transfer level at the stagnation point. Yang et al. 15 presented an experimental and numerical investigation of unsteady impingement cooling within a blade leading edge channel. The results show that the intensity, unsteadiness and skewness of the vortex structure increased as the channel cross-flows became more non-uniform. Chi et al. 16 presented a novel multi-row impingement cooling configuration anti-crossflows (ACF) cooling structure to reduce the negative effect of cross flows. The results show that the novel ACF impingement cooling structure can achieve a more uniform heat transfer on the target surface, compared with the prototype with the same Reynolds number and jet array arrangement. The novel impingement cooling configuration showed potential benefits if applied to cooled vanes. Alzwayi and Paul 17 numerically studied the convective flow inside an inclined parallel walled channel. They selected the k-e model for the turbulence closure. The distributions of velocity, turbulent kinetic energy and local heat flux were presented. The results indicate that the average of heat transfer coefficient was dependent on both the width and angle of the channel.
Most studies mentioned above focus on the effect of cross flow on impingement heat transfer. However, a complete analysis of heat transfer characteristics of impingement cooling affected by the cross flow requires detailed knowledge of flow field within both the impinging cavity and the jet holes. In addition, the entire flow field of the discharged air plays an important role in the heat transfer of the downstream channels and needs to be investigated. Iacovides et al. 18 studied the flow field and the surface heat transfer for internal rotating cooling flows in gas turbine blades. They pointed out the importance of simultaneous flow and thermal measurements to pursue a deep understanding of the heat convection process. Their work also gives an important contribution to the creation of an experimental database for CFD codes validation. The flow field and heat transfer characteristics under periodically pulsating impinging air jets were studied by Janetzke et al. 19 Flow velocity measurements were performed by means of particle image velocimetry (PIV), whereas flow visualization were conducted with oil film technique. Their experimental results confirm the formation of large toroidal vortices due to jet pulsation at the nozzle aperture. Flow measurements of a compact jet impingement array with local extraction of the spent fluid were performed with the magnetic resonance velocimetry (MRV) by Onstad et al. 20 Their experimental data show that the Reynolds number has small influence on the flow structure. The interaction between the impingement jet and the cross flow induced counter rotating vortices, and the cross flow displaced the center of the primary stagnation region from the jet center line. The effect of hole staggering on the cooling performance of narrow impingement channels was studied by Terzis et al. 21 Full surface heat transfer coefficients were evaluated for the target plate and the sidewalls of channels using the transient liquid crystal technique in their study. It is found that the jet pattern has dominant effect on the distribution of convection coefficients. In order to gain a greater insight into the flow structure within a narrow confined channel, an experimental investigation was carried out by Liu et al. 22 Aerodynamic measurements were performed at 10 planes along the channel with a five-hole probe. Experiments were performed at three Reynolds numbers (10000, 25000, 65000) and for three values of the channel height to impingement hole diameter ratio (Z r = 1, 3, 5). Aerodynamic measurements were conducted within the impingement jets as well as at holes exit by a straight five-hole probe. Their experiment results show that the impingement can induce strong secondary flows in the channel and cause strong interactions between adjacent jets and cross flow. The flow characteristics inside the channel are mainly determined by the ratio of channel height to impingement hole diameter, while the jet Reynolds numbers have small impact on flow structures.
The objective of present study is to investigate the flow characteristics in the narrow confined channel with staggered jet array arrangement. Based on the experimental research presented in Ref. 22 , a numerical simulation is presented to reveal the whole domain flow structures and the detailed flow characteristics within the channel. Geometrical parameters and the flow inlet and exit conditions were kept the same as those in Ref. 22 Realizable k-e turbulence model was utilized in the present research. Numerical results are compared with the experimental results in order to define the accuracy of the numerical models employed in this work. The present research allows insight into the entire flow filed in a narrow channel with impingement jets configuration, which would be more complex to obtain with experiments.
Computation scheme

Turbulence models and flow solver
A realizable k-e turbulence model was utilized in the present research. The transport equations of k and e turbulence model can be expressed as follows: where q is air density; l is air viscosity; u j is fluctuating velocity component in the
, C l is no longer constant, and is a function of the mean strain and rotation rates, the angular velocity of system rotation, and turbulence fields (k and e); r k and r e are the turbulent Prandtl numbers for k and e, respectively; S k and S e are user-defined source terms; G k ¼ l t S 2 represents the generation of turbulence kinetic energy due to the mean velocity gradients, S ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi 2S ij S ij p , S ij is the mean-velocity strain-rate tensor;
is the generation of turbulence kinetic energy due to the buoyancy, where Pr t is the turbulent Prandtl number for energy and g i is the component of the gravitational vector in the ith direction; Y M ¼ 2qeMa 2 t represents the contribution of fluctuating dilatation in compressible turbulence to the overall dissipation rate, Ma t is the turbulent Mach number; C 2 and C 1e are constants, C 3e ¼ tanh j v u j is not specified but instead calculated, where v is the component of the flow velocity parallel to the gravitational vector and u is the component of the flow velocity perpendicular to the gravitational vector;
The model constants are defined as follows:
The near wall flow field was modeled by means of enhanced wall functions. The general equation is expressed in Eq. (3).
where
0 is the strain-rate tensor, a represents the influences of pressure gradients while the coefficients b and c represent the thermal effects, j is the von Karman constant.
With this approach, the whole flow domain is subdivided into a viscosity affected region and a fully turbulent region. Despite the implementation of wall function for the present application, a sufficient mesh resolution in the near wall region was ensured.
Computational model and grid
A model of confined channel with staggered impingement holes was considered. The schematic diagram of the orifice is shown in Fig. 2 . There are 12 impingement holes on the top wall of the channel. The impingement holes were numbered from 1 to 12. An exit hole was placed on the top wall at the end of channel. The air flowed into the channel through the jet holes, and exited the channel through an exit hole. In Fig. 2 , L x , L y and L z were the length, width and height of the channel, respectively; L str was the spacing between holes along the streamwise direction; L sp was the spacing along the spanwise direction; L h was the height of orifice. The values of the geometrical parameters described above are given in Table 1 .
The numerical domain is shown in Fig. 3 . The jet holes were fed by five inlet plenums. Each plenum was associated to a number of holes: Plenum 1 fed two holes, Plenum 2 fed three holes, and Plenum 3, 4 and 5 fed two holes. In the present study, only the flow characteristics are taken into consideration. Thus only the fluid zone is presented in the numerical model.
The quality of the mesh plays a significant role in the accuracy and stability of the numerical computation. Unstructured mesh was generated for the channel domain as wells as for the jet holes. The grid consisted of about 1.12 million nodes. Particular attention was paid to the mesh resolution at the near wall region. In order to obtain a y + around 1, a first cell height of 10 À6 m was imposed. This allowed the turbulence model and wall functions to accurately predict the viscous layer region.
The boundary conditions of the numerical model are shown in Figs. 3 and 4 . Mass flow inlet boundary condition was applied at the plenums inlets, and a pressure outlet boundary condition was imposed at the channel exit hole. Values of mass flow at plenums inlets were kept the same as experiments. Adiabatic wall boundary condition was applied to the channel and jet holes.
Each numerical analysis and experiment is characterized by two parameters: Re and Z r . The Reynolds number was calculated by Eq. (4). 
In the present study, the Reynolds number was set to be 25000 and 65000, whereas Z r was set to be 1, 3, 5.
Results and discussion
Numerical results of the flow panorama in the channel
The velocity contours and streamlines on the Oxz and Oxy planes of the channel calculated with Re = 25000, Z r = 1 are shown in Fig. 5(a) and (b) . In Results show a flow acceleration towards the exit of the channel (see Fig. 5(a) and (b) ). The highest velocity (about 4.4V ref ) is shown to take place at the region close to the exit. The velocity of the jets also increases along the channel, and the increasing level is especially high in the downstream region.
It indicates the downstream jet holes will consume more mass flows than the upstream jet holes. The jets No. 1 to No. 3 shows a typical impacting pattern in the channel. The effect of the cross flow on the jet is visible for jet No. 4, and is more and more obvious for the jets further downstream. Although all the jets penetrate the cross flow successfully, some stagnation cores of impingement are shifted to the downstream region of the jet hole since the jet traces are bent in the channel. The jets are observed to have a blockage effect on the cross flow within the channel, which is confirmed by the local low velocity region behind the jets. As depicted in Fig. 5 (a) and (b), a strong vortex is speculated to take place at location of the exit hole.
Streamline traces indicate strong secondary flows in the upstream region of the channel. A recirculation zone is observed near the end wall, which is induced by jet No. 1 and gradually weakened from the left wall to the right wall of the channel. Recirculations around jets No. 2 and No. 3 suggest that the jets impinge effectively on the target wall, which is also demonstrated by the arched flow near the target wall on the plane y/L y = 0.5. Streamline plots indicate a flow direction from the orifice plate towards the target wall for planes y/L y = 0.3 and y/L y = 0.7. However, a flow from the target wall towards the orifice plate is observed on plane y/ L y = 0.5. The flow patterns near the exit hole in the three given planes are quite different, which indicates that the flow field at the exit hole is strongly three dimensional.
The velocity contours and streamlines on the Oxy plane of the channel calculated with Re = 25000, Z r = 1 are shown in Fig. 5(b) . Three x-y planes of z/L z = 0.05, z/L z = 0.50 and z/ L z = 0.95 are presented. The plane z/L z = 0.05 is close to the target wall, the plane z/L z = 0.50 is located in the middle height of the channel, and the plane z/L z = 0.95 is near to the orifice plate. Results for the x-y plane show a blockage effect of the jets on the cross flow. The jet cores of the jets No. 1 to No. 3 maintain their round shape during the impingement. As the flow develops towards the downstream region, the jets are blended by the cross flow, and the cross flow rolls up downstream the jets. Obstructed by the jet No. 12, the cross flow in the channel is constrained to the left side of the channel. As observed from the streamlines pattern, a strong anticlockwise vortex forms near the exit hole, in which high velocity flow rotates around a low velocity core. The cross flow has different flow patterns from the orifice plate to the target wall. The flow tends to converge towards the center of the channel from the side walls near the orifice plate, while scatters from the center of the channel to the side walls near the target wall.
Velocity contours and streamlines on Oxz and Oxy planes for Re = 25000 and Z r = 3 are shown in Fig. 6(a) and (b) . Comparing with the calculation results obtained for Re = 25000 and Z r = 1, the cross flow has not accelerated rapidly in the channel, and the velocity of jets increases slightly along the channel. This indicates that the disparity in the mass flow rate consumed by the jet holes is limited, resulting in remarkably reduced total mass flow rate of jets. Consequently, the flow velocity in the channel decreases and becomes lower than the jet velocity. The intensity of the cross flow decreases in a higher channel. However, jets are found to lift-off and detach from the target wall. For jets No. 9 to No. 12, the jet cores are almost dispersed at the middle height of the channel. The secondary flows are enhanced and became stronger along the channel. In particular, Fig. 6(a) shows a strong interaction between jets No. 1 and No. 3 in the initial part of the channel. The wall jets are found to interact each other, determining a high velocity region around the stagnation region. Fig. 6 (a) also depicts that the high velocity core is shifted away from the target wall and a vortex is induced. The jet traces are clearly shown on the plane y/L y = 0.5 with the jets being pushed close to the center of the channel. Moreover, the flow streamlines reveal the main flow flowing towards the target wall. The cross flow swings between the jets just like crossing solid columns in the channel. Jet No. 12 has a smaller influence on the flow structure compared to that in the case with Z r = 1. In addition, Fig. 6(b) shows that the flow follows a symmetrical pattern and forms a pair of counter-rotating vortices near the downstream end wall. The velocity contours and streamlines on the Oxz planes and Oxy planes of the channel calculated with Re = 25000, Z r = 5 are shown in Fig. 7(a) and (b) . The disparity in the velocities of jets is almost eliminated. As expected, the mass flow within the channel is reduced compared to the case with Re = 25000 and Z r = 3. Moreover, the flow velocity in the channel is found to decrease. As a result, the cross flow loses intensity, and the secondary flows fully develop, especially in the upstream region. Fig. 7(b) shows the generation of flow recirculation in the initial part of the channel. In addition, small interactions between jets are observed, and low velocity regions are speculated behind each jet. The jets are not able to penetrate the cross flow in the downstream region, yielding to a more uniform flow pattern, compared to the case with Z r = 1 and Z r = 3. The intensity of the counter-rotating vortexes was also weakened for Z r = 5.
Validation of the numerical results
The accuracy of the numerical solution depends strongly on the quality of the computational mesh. A mesh dependency study has been performed in order to verify that the solution was independent of the cell count. The discharge coefficient of the exit hole C de is selected as the verification parameter to examine the grid independence of the present research. C de is expressed as follows:
where m actual is the actual mass flow rate through the exit hole, m ideal is the ideal mass flow rate, A is the cross section area of the exit hole, p t,in and p s,out are the inlet total pressure and outlet static pressure of the exit hole respectively. Numerical simulations are carried out for three different cell counts: 5.2 Â 10 5 , 1.1 Â 10 6 and 2.2 Â 10 6 cells. Simulations are To validate the accuracy and reliability of the numerical approach for the flow structures prediction, a comparison where ''CAL" stands for the numerical results, and ''EXP" refers to the experimental results. The contours represent the velocity component in the x coordinate direction, and the vectors denote the velocity components in the y and z coordinate directions. All the velocity components are dimensionless and referred to be V ref . The geometrical parameters of measurement planes are referred to be d.
As shown in Fig. 9 , for both calculation and experiment data of Re = 25000 and Z r = 1, a typical impinging pattern is speculated on Plane A. The jet impinges on the target wall effectively. Some secondary flows are induced by the jet, but obstructed by the sidewall. A vortex is observed to take place close to the target wall. The vortex is generated by the jet which migrated toward the center of the channel after impinging the target wall. The flow near the orifice has higher velocity than that near the target wall. The cross flow is enhanced on Plane B, and its maximum velocity is about 2 times of V ref .
However, no reverse flow is observed close to the target wall. Hence, the impingement of jet No. 9 on the target wall is reduced by the cross flow. The flow regions with high velocity are registered at the orifice and side walls, whereas the flow regions at the moderate velocity are observed near the target wall. Plane C reveals a development of the cross flow along the channel. The velocity component along the y direction is augmented within the jet region. This indicates that the intensity of the cross flow has a considerable influence on the deflection of the jet. The velocity contours on Plane D reveal the region with small velocity on the leeward shadow of jet No. 12. A pair of strong counter-rotating vortices is observed as well as a clockwise vortex close to the left side wall. The local flow mainly converges towards the left side wall of the channel, which is also explicitly revealed in Fig. 5 (b) .
The numerical and experimental results for Re = 25000 and Z r = 3 are depicted in Fig. 10 . Jet No. 3 impinges effectively on the target wall and creates wall jets. Vortices are formed near the target and orifice walls on the right side of channel. The local flow structures determine a migration of high velocity flow towards the right side of the channel, where a triangular region of high velocity is observed. Velocity contours on Plane B in Fig. 10 show that jet No. 9 is not able to penetrate the cross flow. The vertical component of the velocity vectors (which represents the jet core) tends to deflect towards the center of the channel, and finally vanish at the middle height of the channel. Interestingly, the cross flow is observed to accelerate beside the jet. Except for the jet, the flow velocity in the channel is substantially uniform. Moreover, the flow velocity near the edge of the channel is considerably higher than that in the center region on Plane C (see Fig. 10 ). This suggests that the secondary flow tends to propel the flow to concentrate near the edges, yielding to a low velocity region at the center of the channel. Furthermore, jet No. 11 is found to influence the local flow field measured on Plane C. The lateral deflection of jet is enhanced. Affected by jets No. 11 and No. 12, two low velocity zones are clearly visible on Plane D. The low velocity zones only occupy half of the channel height, and do not have a large influence on the channel flow. On the contrary, for Re = 25000 and Z r = 1, the low velocity region is found to occupy the entire channel height. As a result, the channel flow behind Plane D shows asymmetric flow structures.
When the height of the channel increases to Z r = 5 for Re = 25000, the flow velocity in the channel is too small for the probe to measure it. Hence, the flow conditions with Re = 65000 are created for the larger channel. The numerical and experimental results for Re = 65000 and Z r = 5 are shown in Fig. 11 . The flow structures on Planes A, B, C and D are similar to those obtained under the condition of Re = 25000 and Z r = 3. The values of velocities decrease slightly due to larger channel area.
A comparison of the calculation data with the experiment data finds that the flow structures show high consistence. Globally, the numerical results agree well with the experimental results in terms of prediction of the flow structures, though trivial difference in the dimensionless velocities is observed. Furthermore, the calculation data provides detailed insight of the flow structures, such as the secondary flows and vortices which are found difficult to capture and reveal in the experiments.
Conclusions
A series of numerical analyses have been performed to investigate the flow structures inside a narrow confined channel with staggered jet arrangement. The channel configuration and operating conditions are set to be the same as those used in a previous experimental investigation. A realizable k-e turbulence model with enhanced wall function is selected in the calculation. The flow structures along the channel are obtained. The validation of the numerical prediction is conducted by comparing the calculation data with the experiment data on the discharge coefficient of the exit hole and the flow fields on specific planes. The numerical results show that:
(1) In the upstream region of the channel, the jets can effectively impinge on the target wall of channel. The jets are deflected by the cross flow in the downstream region of the channel. (2) Evident secondary flows are observed in the channel.
The region with high velocity is observed on the side walls of the channel. This phenomenon is particularly distinct under the condition of Re = 25000 and Z r = 1, under which flow streamlines indicate that the flow direction in the channel is from the target wall to the orifice. (3) The flow structures in the channel are dominated by the value of Z r , while the Reynolds number is found to have a minor effect.
The numerical results of flow structures, such as secondary flow pattern and vortices, consistently agree well with the experimental data. This indicates that the numerical method applied in the present study can accurately predict the flow characteristics in the narrow channel with staggered jet array arrangement. Furthermore, the numerical results reveal additional flow details which are unable to obtain in the experiments. The level of the details of the numerical results is helpful for the understanding of interactions between the jet and cross flow as well as the interaction with adjacent jets.
